. CFTR ⌬F508 mutation has minimal effect on the gene expression profile of differentiated human airway epithelia.
cystic fibrosis transmembrane conductance regulator; airway epithelium CYSTIC FIBROSIS (CF) is the consequence of mutations in the cystic fibrosis transmembrane conductance regulator (CFTR), an epithelial chloride channel regulated by phosphorylation (45) . Although more than 900 disease-associated mutations are known, the most common CFTR mutation consists of a three base pair deletion resulting in the loss of a phenylalanine residue at position 508 in the protein (⌬F508) (21) . The resultant mutant CFTR protein is misfolded, unstable, and degraded (43) . Patients with the ⌬F508 mutation typically develop defects in pulmonary host defense that lead to chronic bacterial infection and inflammation (32) . This progressive lung disease accounts for most of the CF-associated morbidity and mortality.
Mutations in CFTR have many well-documented effects on the intracellular trafficking and/or function of the protein and its chloride channel activity in epithelia (46) . In addition, CFTR mutations are associated with a number of other phenotypic changes in epithelia, including altered interactions with other ion channels (9, 13) , modifications of airway surface liquid volume/composition (25, 40, 48, 54) and antimicrobial activity, mucus sulfation (5) , and cytokine release (23) . These diverse patterns of alterations in cellular function in CF epithelia may represent either the primary consequences of CFTR mutations or the end result of a series of secondary downstream events. Furthermore, it is widely believed that other modifier genes influence the variability of clinical CF phenotypes, even in patients homozygous for the ⌬F508 mutation (1, 33) . The identification of secondary effects that CFTR mutations have on the expression of other genes in disease-affected tissues may improve our understanding of CF disease pathogenesis and have therapeutic implications.
The availability of a broad genomics-based analytical approach to investigate differential gene expression in human airway epithelia offers a means to uncover the molecular basis for the variety of phenotypic changes associated with mutations in CFTR. The focus of the current study is to bring the power of functional genomics to bear on these issues. To date no such studies have been performed in primary cultures of human airway epithelia with a focus on CF. We performed experiments contrasting the gene expression profiles of 22,283 genes from well-differentiated primary cultures of human airway epithelia of CF and non-CF donors using high-density microarray hybridization. This approach allows study of gene expression profiles in a model of the tissue primarily affected by the disease yet avoids some of the difficulties in obtaining appropriate in vivo samples due to the influences of chronic infection and inflammation and other nonepithelial cell types. Because the ⌬F508 mutation accounts for ϳ70% of CF alleles, we focused the analysis on CF epithelia homozygous for this mutation.
MATERIALS AND METHODS
Cell culture. Airway epithelial cells were isolated from tracheae and bronchi of donor lungs. Cells were seeded onto collagen-coated, semipermeable membranes (0.6-cm 2 Millicell-HA; Millipore, Bedford, MA) and grown at an air-liquid interface as previously described (22, 37, 55) . Twenty-four to forty-eight hours after seeding, the airway cells form a confluent culture with electrically tight junctions. On the third day after seeding, scanning electron microscopy reveals a mostly flat, undifferentiated sheet of cells. Between days 3 and 14, the epithelial cells differentiate with a predominantly ciliated phenotype (20) . Epithelial cells were cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 medium supplemented with 2% Ultroser G (BioSepra; Villeneuve, La Garenne, France) and 100 mU/ml penicillin, 100 g/ml streptomycin, 10 g/ml gentamicin, 25 g/ml colimycin, and 75 g/ml ceftazidime, 25 g/ml imipenem, 25 g/ml cilastin, and 2 g/ml fluconazole. Basolateral culture medium was changed every 2-4 days. Representative samples from all epithelia preparations were evaluated for morphology by scanning electron microscopy to document the development of a ciliated apical surface. The bioelectric properties of each preparation were also characterized (see below). All specimens were genotyped for CFTR mutations. All CF specimens used in this study were homozygous for the ⌬F508 mutation. Samples used in the analysis were all well differentiated and in culture for Ͼ4 wk (Table 1) . Samples were collected from organ donors and from CF lung transplant recipients with approval from the University of Iowa Institutional Review Board.
Bioelectric properties. For measurement of transepithelial electrical properties, epithelia were mounted in Ussing chambers and studied as previously described (36, 53) . Epithelia were bathed in symmetrical solutions containing (in mM): 135 NaCl, 2.4 K 2HPO4, 0.6 KH2PO4, 1.2 CaCl2, 1.2 MgCl2, 10 dextrose, and 5 HEPES, at pH 7.2, 37°C and gassed with 100% O2. IscAmil is the decrease in short-circuit current after apical addition of 10 M amiloride. cAMP-stimulated Isc is the increase in current after basolateral addition of cAMP agonists [10 M forskolin plus 100 M 3-isobutyl 1-methylxanthine (IBMX)]. Bumetanide-sensitive Isc (Isc Bumet) is the decrease in current after basolateral addition of 100 M bumetanide to epithelia studied in the presence of apical 10 M amiloride and basolateral cAMP agonists (10 M forskolin plus 100 M IBMX); Isc Bumet is a measure of the transepithelial Cl Ϫ transport pathway that includes CFTR. Processing of RNA preparation and microarray hybridization. Total RNA was extracted in TRIzol reagent (Invitrogen, Carlsbad, CA) according to manufacturer's recommendations. After a 30-min treatment with 1 U/10 g RNA with DNase I (Invitrogen), an additional RNA cleanup step was performed using the Qiagen (Chatsworth, CA) RNeasy total RNA isolation kit. The RNA was processed for use on the expression arrays using the manufacturer's recommended protocols as previously described. Gene expression analysis was used to identify molecular markers of uterine receptivity and embryo implantation (30) . Briefly, 10 g of each pooled total RNA preparation were used to generate cDNA using the Superscript Choice System (Life Technologies). First-strand synthesis was performed using a T7-(dT) 24 primer (Sigma-Genosys, Woodlands, TX). The resulting cDNA was used to synthesize biotin-labeled cRNA via in vitro transcription using the ENZO BioArray HighYield RNA transcript labeling kit (Affymetrix). The cRNA was fragmented in fragmentation buffer [40 mM Tris (pH 8.1), 100 mM potassium acetate, and 30 mM magnesium acetate, final concentration] by heating to 94°C for 35 min. The quality of each RNA preparation was assessed by analysis with a Test3 array (Affymetrix) to ensure that the preparations meet Affymetrix's recommended criteria for use on their expression arrays. Each cRNA preparation (15 g) was used to inoculate human U133A GeneChip expression arrays (Affymetrix), and the hybridization, stain, scan, and analysis were performed per recommended protocols.
Quantitative RT-PCR comparison. Total RNA was isolated from airway epithelia cultures from each of five (different donors to the ones used in the microarray experiments) non-CF donor samples and from each of six different CF donor samples using RNA STAT-60 Reagent (Tel-Test, Friendswood, TX). RNA was used to quantify the relative difference in quantity of selected mRNAs between non-CF and CF airway epithelia. mRNA specific primers and probes (Integrated DNA Technologies, Coralville, IA) labeled at the 5Ј-end with 6-FAM and the 3Ј-end with TAMRA were constructed for each of the genes in interest see Table 2 . mRNA expression was normalized to Eukaryotic 18S rRNA Endogenous Control VIC/MGB Probe, Primer Limited (Applied Biosystems, Foster City, CA). Quantitative RT-PCR was performed using TaqMan One-Step RT-PCR Master Mix Reagents Kit (Applied Biosystems). Quantitative RT-PCR was performed on an ABI Prism 7000 Sequence Detecting System with data being analyzed on ABI Prism 7000 SDS Software.
Analysis of microarray data. The Affymetrix U133A contain probe sets for ϳ20,000 human genes, including most of the well-annotated or well-defined gene targets described to date. After hybridization of the cRNA target, the chips were analyzed with Affymetrix's Microarray suite (MAS) version 5.0 software. A global scaling adjustment was applied with a target intensity of 1,500 to take into account the inherent differences between the chips and their hybridization efficiencies. The global scaling adjustment permitted comparison between arrays. The output of the MAS software provided a qualitative assessment "increase," "marginal increase," "no change," "decrease," and "marginal decrease" and the numerical values used to make the call (see Statistical Algorithms Description Document, http://www. affymetrix.com/support/technical/whitepapers.affx). Absolute analysis of individual chips was also performed to obtain absolute levels of expression for each gene correlated to a confidence interval.
Statistical analysis. Two independent methods of analysis were undertaken to look for differences between non-CF and CF samples.
Method 1. Filtering method of Yechoor et al.
We adapted a three-filter method of comparative analysis previously described by Yechoor et al. (52) . In this analysis the means and SDs of the expression intensities of each gene for the 10 samples in each group were calculated (non-CF and CF). After this calculation, three separate independent filters of significance were applied serially to obtain a list of those candidate genes that had a significant change between the control and the CF group. The first filter excluded all genes that had a mean expression value that was below the sum of the average background and the average standard difference threshold (SDT; equal to four times the scaled noise) in both the non-CF and CF groups. Genes passing this first filter were subjected to a second significance filter, which removed those genes for which the difference between the means of the CF and non-CF groups was less than twice the sum of the SDs of both groups. Finally, the third filter removed those genes that had an absolute difference between the means of the non-CF and the CF groups that was less than the average SDT. Genes that passed all three filters were then labeled as being significantly changed between the non-CF and the CF groups.
Method 2. Two-sample t-test. The second method of analysis used was the two-sample t-test. To stabilize the variances, the logarithm (with base 2) of the expression values was used in the analysis. The two-sample t-statistic with unequal variances was used to screen genes with significant differential expression. The Welch's correction for degrees of freedom was used to compute the P values (44) . The computation was carried out using the statistical package R (19) 
Considerations in design of microarray experiments.
In the design of experiments to compare the expression profiles of CF and non-CF airway epithelia, several theoretical and practical considerations influenced the final experimental design. These issues included 1) choice of microarray platform: we selected the Affymetrix U133A arrays for these studies because they contain probe sets for most well-characterized genes in a commercially available format. However, this array set may not represent all genes expressed in airway epithelia, and it may contain genes not expressed in airway epithelia.
2) Variability of gene expression: we had no knowledge of the baseline variability between epithelia obtained from different CF and non-CF donors. For these reasons it was not possible to make power calculations and use these to design expression profiling experiments.
3) Availability of tissue: growing airway epithelia from 20 different donors, including 10 specimens homozygous for ⌬F508 CFTR was ambitious, and a larger sample size was not practical. 4) Paired vs. unpaired experimental design: to date, a gene transfer vector that can correct the ⌬F508 CFTR transcript in 100% of the cells is not available. 5) Baseline expression levels and magnitude of differences in expression: the expression levels of some genes, particularly those that encode channels such as CFTR, are in very low abundance in airway epithelia (41) ; the CFTR mRNA signal was called absent by the Affymetrix Statistical Package, thus we included low abundance expression in our analysis.
RESULTS
Sample demographics. Non-CF human airway epithelial cells were obtained from lungs of organ and tissue donors whose lungs were not used for transplantation. CF epithelial cells were obtained from CF lungs at the time of transplantation. All CF samples were homozygous for the ⌬F508 mutation. Table 1 presents the sample demographics for the CF and non-CF epithelia. On average, the ages of the donors were older for the non-CF samples. All samples were cultured for a similar number of days before microarray analysis and the gender ratios were similar between the groups. The RNA isolation was performed on the same day.
Bioelectric properties of non-CF and CF epithelia used in microarray analysis. Figure 1 presents the basal bioelectric properties of representative samples from all epithelia used in microarray analysis. All CF epithelia demonstrated the characteristic absence of cAMP-activated Cl secretion. These results contrast with the non-CF epithelia, which responded to cAMP agonists with an increase in Isc, and this current was completely blocked by 10 Ϫ4 M bumetanide. Bumetanide inhibits the predominant mechanism for basolateral chloride uptake, Na-K-2Cl cotransport, in these cells. These results confirm that the samples in each group manifest the expected physiological features and that the main difference between the groups is the lack of CFTR chloride channel function in CF airway epithelia.
Comparison of expression profiles for CFTR mRNA in the two sample groups. The ⌬F508 mutation results in a misfolded CFTR that fails to be displayed on the cell surface. It has been previously shown that the mRNA levels for CFTR in the airway brushings are one to two copies per cell in both CF and non-CF (41). These results were obtained using semiquantitative RT-PCR and have not been replicated by other methods. We compared the CFTR expression profiles from our CF and non-CF epithelia. As shown in Fig. 2 , there were no significant differences in CFTR mRNA abundance between CF and non-CF epithelia (probes 205043_at and 217026_at). Moreover, the overall of abundance of CFTR mRNA levels in both cell types was extremely low. For the probe 205043_at, the mean expression value in the CF sample was 9.06 (SD 0.72), and the mean expression value in the normal sample was 9.17 (SD 0.67). The two-sample t-statistic was Ϫ0.35, and P ϭ 0.73. For the probe 217026_at, and the mean expression value in the CF sample was 9.10 (SD 1.40), the mean expression Fig. 1 . Bioelectric properties of non-cystic fibrosis (CF) and cystic fibrosis (CF) epithelia used in microarray analysis. Baseline bioelectric properties were measured from sample epithelia used in the study. CF epithelia demonstrate the characteristic absence of cAMP-activated Cl Ϫ secretion. Isc, short-circuit current; Amil, amiloride; Bum, bumetanide. Mean n ϭ 2-3/donor. (52) . Of the 22,283 genes represented on the Affymetrix U133A oligonucleotide array, 22,183 genes passed the first significance filter, i.e., had a minimum expression value that was greater than the sum of the average background plus the average SDT (four times the noise). After application of the second significance filter, i.e., requiring a difference between non-CF and CF of greater than two times the sum of the SDs, no genes demonstrated significance in CF epithelia. Figure 3 presents results from the second method of analysis. In this figure each gene/probe is plotted with the negative log 10 P sample values shown on the y-axis and the differences between the average log 2 -transformed expression values of the CF sample and the average log 2 -transformed expression values of the normal sample plotted on the x-axis. There were 6,067 genes whose average expression values in the CF samples were greater than those in the non-CF samples by 1 log 2 unit, corresponding to a twofold increase. There were 2,029 genes whose average expression values in the CF samples were less than those in the non-CF samples by 1 log 2 unit, corresponding to twofold decrease. These genes are shown in purple in Fig.  3A . The two vertical green lines indicate the positive and negative 1-log 2 thresholds, respectively. However, based on the t-statistics, there were only 18 genes whose P values were Ͻ10 Ϫ5 and whose fold changes were Ͼ2 (i.e., 0.00001, indicated in red). These included nine genes of unknown function, and nine others: glycine dehydrogenase (GenBank NM_000170), PEX10 (GenBank NM_002617), integrin ␣10-subunit (GenBank NM_003637), KCl cotransporter (KCC, GenBank NM_005072), long-chain acyl-CoA synthetase 5 (GenBank AF129166), protein serine kinase (GenBank AJ272212), heparan sulfate (glucosamine) 3-O-sulfotransferase 2 (GenBank NM_006043), copine VII (GenBank NM_014427), and a "novel interleukin receptor" (GenBank AF269133). There were also six genes with P values Ͻ10 Ϫ5 and whose fold changes are Ͼ2
(indicated in red). These included four genes of unknown function, the transferrin receptor (GenBank BC001188), and topoisomerase I (GenBank J03250). In addition, there were four genes with P value Ͻ10 -5 but less than twofold change (indicated in blue).
Here the threshold value 10 Ϫ5 for the P values is much more stringent than the usual 0.05 value. Because there are 22,238 Affymetrix probe sets on the array, it is important to correct for multiple comparisons in controlling the "false positive" rate (i.e., the type 1 error rate). One standard approach is the Bonferroni method, which adjusts for the overall type 1 error rate by evenly distributing it among the individual comparisons. For example, if the overall type 1 error is specified at 0.05, then the threshold for significance at each individual comparison is 0.05/22,283 ϭ 0.0000024. However, the Bonferroni method is based on the assumption that the expression levels of the probes are statistically independent. This assumption is not satisfied in our experiment, because the expression levels of the probes in the same functional class are correlated. Thus the Bonferroni correction is much too conservative. We note that there are other more elaborate multiple-comparison methods, but they also tend to be too conservative for dependent data (47) . Therefore, we use the method of controlling the false discovery rate (FDR) of Benjamini and Hochberg (4). This method seeks to control the FDR among the significant genes at a given threshold value. It rigorously deals with the multiple-comparison problem but in the mean time is less conservative than the Bonferroni method, so that truly interesting findings will not be missed. Based on this method, we seek to control the FDR to be Ͻ1% (0.01). That is, among the genes found to be significant, Ͻ1% of them that are false positive. Some calculation shows that the corresponding threshold for the individual P values is ϳ0.00001. Here the FDR is calculated as follows: there are 28 genes found to be significant at 0.00001 level. The expected false positive is 0.00001 ϫ 22,238 ϭ 0.22. Thus the FDR is 0.22/28 ϭ 0.8% Ͻ 1%.
Requiring the FDR Ͻ1% is a quite stringent criterion, but nonetheless less conservative than the Bonferroni correction. Figure 3 , B and C, shows the individual data sets for the genes significantly increased or decreased in CF epithelia. All the data sets for these comparisons are available in web-based supplemental materials at http://ajplung.physiology.org/cgi/ content/full/00065.2005/DC1.
Epithelial gene expression profiles from male and female CF samples. A number of studies have shown that females with CF have significantly higher mortality than males from age 1 to 20 yr, resulting in an ϳ4-yr difference in median survival age (31) . The reasons underlying these differences are not known. We contrasted the gene expression profiles for the five female and five male CF epithelial samples by methods identical to those described above for Fig. 3 . As shown in Fig. 4 , gender had very little influence on the results. There were no genes that were significantly increased in either group, using the P value cut-off of 0.00001. Using the same criteria, the analysis identified two genes that were lower in males. These were the c-myc binding protein (probe 203360_s_at, GenBank NM_012333) and a second unknown gene (probe 203640_at, GenBank NM_018615).
Quantitative RT-PCR. Using quantitative RT-PCR, we compared the expression profiles of airway epithelia obtained from six independent CF and six non-CF donors. We focused on the genes identified by microarray to be different between CF and non-CF epithelia. Data was obtained from 21 out of the 24 genes differentially expressed. Three of the genes were below the limit of detection of the assay. The difference between the expressions of these genes was not statistically different when a cut-off of 0.003 was used (Bonferroni correction). Nevertheless we compared the trend in differences between the results of the microarray and RT-PCR. Figure 5A shows the genes where the ratio of non-CF over CF expression by microarray and quantitative RT-PCR was concordant. Figure 5B shows the genes where the ratio of non-CF over CF expression by microarray and quantitative RT-PCR were not in agreement.
DISCUSSION
Recent advances in microarray technology allow us to investigate the transcriptional regulation of thousands of genes in different tissues or cells and study responses to a diverse range of cellular processes including development, genetic mutations that cause loss or gain of function, cancer, environmental exposures, therapeutic interventions, and others. As with other research technologies, the complexity of the models used may correlate directly with the relevance and inversely with the fidelity and significance of the results obtained using gene expression profiles.
CF is a multisystem disease; however, infection in the airways is the most important clinical problem, as it leads to most of the morbidity and mortality. Initial infections are caused by a variety of organisms and often can be eradicated by antibiotics (12, 29, 45) . As the disease progresses, Pseudomonas aeruginosa establishes permanent colonization in the airways of most patients, and the bacteria persist in the airways for life (29) . The combination of chronic infection and exuberant neutrophilic inflammation leads to bronchiectasis, permanent lung damage, and death. Thus discovering the transcriptional consequences of the loss of CFTR function on airway epithelial cells could lead to a better understanding of CF pathophysiology and the development of novel therapeutic interventions. To date, the best models available for expression profiling in cells that lack CFTR include immortalized airway cell lines expressing wild-type vs. mutated forms of CFTR (16, 18, 51) , primary airway epithelia from CF and non-CF donors, polarized primary airway cells grown at the air liquid interface (15, 17, 20, 50) , or epithelial biopsies or lung tissue obtained from either humans or mice with targeted disruption of the CFTR gene.
Airway epithelia cell lines have several advantages: they are readily available, culture conditions are highly reproducible, it is easy to obtain large amounts of RNA, the lack of CFTR can be transiently or stably corrected, and others. However, there are several limitations to such cell lines. Permanently transformed epithelia with either wild-type or mutant CFTR usually do not form polarized sheets with characteristic transepithelial voltage and resistance (2) . Similarly transformed cells do not assume the morphology of airway epithelia, and thus they may not express all relevant genes that may be affected by altered CFTR function. Finally, even though transformed cells are often generated by similar methods, the process of immortalization usually results in genomic instability that may differentially affect each resultant cell line. Thus, although the results are highly reproducible and useful to test specific hypothesis, their relevance needs to be confirmed in a more complex system.
Evidence from studies in several airway cell lines indicates that dysregulation of airway inflammation in patients with CF may manifest as inflammation independent of infection and/or inflammation disproportionately increased or prolonged relative to the level of proinflammatory stimuli. Although these results are highly reproducible, few reports have compared inflammatory responses to different stimuli using multiple CF cell-line models. Using microarray technology in a matched pair of cell lines expressing wild-type (IB3a) (11) and mutant ⌬F508/W1282X CFTR (IB3-1) (34), Srivastava et al. (39) found that a significant number of genes involved in the IL-8 pathway were altered in the absence of wild-type CFTR expression. These data have led to identification of targets for novel pharmacological therapies and may offer a simple model to experimentally test the change in gene expression profile by current pharmacologic therapies. Of interest, recent work by Aldallal et al. (2) and Becker and colleagues (3) have shown that although increased IL-8 expression is observed in some CF airway epithelial cell models, many CF cells do not exhibit altered regulation of these important inflammatory genes.
Multiple murine models of CF have been generated by targeted disruption of the CFTR gene (10, 27, 33, 38, 56) . Surprisingly, although most mice develop significant intestinal pathology reminiscent of meconium ileus, lung pathology has been observed by only a few investigators (7, 8) . Spontaneous onset of pulmonary abnormalities has been reported in congenic C57BL/6 mice (33). Xu et al. (49) recently studied the gene expression profile of whole lungs from mixed FVB/N, C57BL/6 background mice homozygous for a null mutation in CFTR and expressing normal human CFTR in the intestinal epithelium under control of the intestinal fatty acid-binding protein gene promoter. In marked contrast to the level of complexity of gene expression profile experiments in the cell lines described above, they collected RNA from whole lungs containing the airway and alveolar epithelia, vascular, nerves, interstitial and connective tissue, smooth muscle, and hematopoietic cells. They reported that the lack of CFTR expression in murine lungs resulted in increased expression of genes in the pathways of IL-1 and CCAAT enhancer-binding protein (CEBP). However, these studies cannot differentiate between responses that are secondary to changes in the expression and function of CFTR in the epithelial cells or in nonepithelial cells. Moreover, since the airway epithelium represents only a small portion of the lung mass, it is possible that the gene expression profile changes detected arise mainly from nonepithelial cells and are only indirectly related to the lack of CFTR function in epithelia. Thus more studies are required to understand the transcriptional consequences of a lack of CFTR expression in the airway epithelium in vivo.
The present study offers an intermediate level of complexity that allowed us to compare the expression profiles of non-CF airway epithelia to that of airway epithelia obtained from ⌬F508 homozygote donors. Using this model we tested the effect of a lack of CFTR on epithelial cells grown at the air-liquid interface, in isolation from the rest of the lung milieu (20) . Whereas the results of the gene expression profiles are exclusively from airway epithelial cells, we must cautiously interpret the data since the epithelia are cultured in a context that may differ in vivo between CF and non-CF cells.
We used two methods to calculate statistically significant differences in gene expression. The first is the two-sample t-test combined with controlling the FDR to correct for multiple comparisons. For an expected 1% FDR with ϳ20,000 genes we established a P Ͻ 10 Ϫ5 as a cut-off for significance in individual comparisons. This degree of stringency was applied to lessen the number of false positive hits. Although this method may be somewhat restrictive, it is still subject to false positive differences. The volcano plot representation of these data (Figs. 3 and 4) provides the advantages of allowing simultaneous visual comparison of the actual differences in gene expression profiles and the statistical significance of these data. Interestingly, we found very few genes that were significantly differentially expressed in CF vs. non-CF epithelia based on the cut-off of P Ͻ 10 Ϫ5 . Most of these transcripts have unknown function. Some genes identified such as the novel interleukin receptor (28) and the KCC (14) are candidates for further investigation using biological interventions. However, the discordant result when an independent set of epithelia was studied by quantitative RT-PCR limits our enthusiasm for novel interleukin receptor. Other genes, like the transferrin receptor, may be due to experimental variation or may lead to novel hypotheses.
The KCC are members of the gene family of electroneutral cation-chloride cotransporters, which include the thiazide-sensitive Na ϩ -Cl Ϫ cotransporter and bumetanide-sensitive Na ϩ -K ϩ -2Cl Ϫ cotransporter. There are four KCC homologs, all but KCC2 expressed in the lung (26) . KCC4 is expressed in muscle, brain, lung, heart, and kidney (42) . Activation of KCCs by cAMP agonist has been implicated in activation of Cl Ϫ transport across the basolateral side of alveolar epithelium (24). We used a quite stringent cut off for selecting "significant" genes, even after adjusting for multiple comparisons based on the method of controlling FDR. Therefore, there may be genes of interest that are not in our list of significant genes. Clearly, relaxation of the cut-off for the P values will allow generation of a longer list of significant genes. Indeed, some of these genes may deserve further investigation. However, we note that no matter what reasonable cut-off for the P values we use, there will not be a significant difference between the groups for the two CFTR probes (probes 205043_at and 217026_at). A second statistical method used was a sequential method. This method has been used successfully to compare the expression profiles of unpaired complex models of diabetes (52) . Interestingly, using this method we failed to identify a single differentially expressed gene between CF and non-CF airway epithelia.
We were surprised with the small number of genes that were differentially regulated in the CF epithelia compared with the non-CF. Moreover, as expected, even under controlled culture conditions there was great variability in the gene expression profiles within individuals from the same group. This variability may explain some of the broad variations in CF lung disease phenotype in individuals with identical CFTR mutations. Also, the distribution of (nonsignificant) differentially expressed genes is highly asymmetrical (6,067 genes more than twofold higher in CF vs. only 2,029 genes more than twofold higher in non-CF samples), whereas this is hard to explain it may reflect the difference in variability between the groups. Moreover, the variability within groups suggests that comparisons of gene expression profiles from lung human specimens will require a significant number of specimens to avoid false positive hits. Based on the variability we calculated the minimum detectable fold changes at various power levels when comparing the gene expression levels between paired airway epithelia. Calculations are based on the paired t-test using a two-sided test at various significance levels and assuming a SD estimate of SD 0.5 (35) . We calculated the minimum detectable differences, then the fold changes are 2 to the power of the differences, because we work on the log 2 transformation of the original data. With the type 1 error rate of 0.00001 and with ϳ22,000 human genes to be profiles, the expected number of false discoveries is controlled to be Ͻ1. For unpaired experiments the same table can be used by multiplying the number by 4.
In contrast with what was expected from the studies in CF mice that predicted an increased expression of CFTR mRNA due to increased transcription factor CEBP␦ (49), we found that CFTR mRNA levels in CF and non-CF epithelia were similar and low. This is in agreement with earlier studies that showed that epithelial cells recovered by fiber-optic bronchoscopy contained CFTR mRNA transcripts at approximately one to two copies per cell in both normal and CF individuals (41) .
In summary we find that under resting culture conditions CF and non-CF epithelial cells manifest small differences in their gene expression profiles. The results of this study form the foundation for future studies to evaluate the effects of the environment on CF and non-CF epithelia. Such studies could contrast the responses to bacteria, bacterial products, cytokines, or other CFTR mutations. Finally, complementary studies in simpler and more complex models will likely be required to fully understand the functional transcriptional consequences of a lack of CFTR function.
